Microbial anodes were scaled-up from 9 to 50 cm 2 surface area.
Introduction
For around 15 years, microbial biofilms developed on anode surfaces have revealed an amazing capacity to catalyse the electrochemical oxidation of a large variety of organic compounds [1, 2] . Microbial anodes have shown very high performance in terms of current density produced [3] [4] [5] and have opened up avenues for a huge number of new electrochemical processes [6, 7] . Interesting applications have been predicted in various application sectors. Microbial fuel cells (MFCs) have been the pioneering systems implementing microbial anodes for the local production of small amounts of electrical energy [8] [9] [10] [11] [12] and its storage [13, 14] . In microbial electrolysis cells (MECs), microbial anodes reduce the energy cost of hydrogen production [15] [16] [17] . Microbial anodes have also been envisioned in the design of new wastewater treatment processes [18] [19] [20] . Extremely simplified processes, called electro-microbial snorkels, have been derived, based on shortcircuiting a microbial anode with a cathode in order to maximize the organic matter consumption rate [21] . Such low-cost and low maintenance electrochemical systems may have promising futures in wastewater treatment [22] and environmental depollution [23, 24] .
These thrilling perspectives will only become reality when the difficulty of scaling-up laboratory devices to large-sized industrial equipment has been overcome [8] . Many attempts have been made, particularly with MFCs and MECs, but with only modest suc-cess [25] [26] [27] . In the case of MFCs equipped with air-breathing cathodes, which are the archetype of electro-microbial devices, the maximum power densities reported so far are 4.7 [28] and 6.4 W.m À2 [29] , but the maximum performance has been observed to fall to 2 W.m À2 when the volume of the MFC is increased, even modestly, to 100 mL [30] . The problem is so tricky that some research teams think that the best way to develop MFC applications at reasonable scale should be to stack several small MFCs rather than increasing the size of a single cell [31] . Impressive results have been reported in this way, by stacking up to 400 individual small MFCs [32] .
Nevertheless, the interest of the stacking approach should not discourage us from attempting scale-up. Little success has been reported so far in this domain, probably because scaling-up attempts have been carried out with whole reactors [8, 33] . Considering microbial electrochemical reactors as a whole and trying to directly increase their size is a tough challenge because of the complex interactions that occur in these reactors. The performance decrease of the reactor can be due to the microbial anode itself, which may lose a part of its catalytic efficiency when its surface area increases, but it may also be caused by any other element of the reactor: cathode kinetics, ion transport through the electrolyte(s) [34] and any coupled effects such as the cross-over of substrates and metabolites between anode and cathode. Actually, scaling-up complex technological systems such as cars, planes or industrial chemical equipment is never carried out by considering the system as a whole and trying to increase its size from a small laboratory device to industrially-sized equipment. For example, planes are not constructed by increasing their size from a child's toy to a final long-haul aircraft, but by characterizing materials, hydrodynamics, motors, tyres, electric and hydraulic systems, etc. separately and then organizing all the information with numerical models in order to design the optimum prototype. Designing chemical equipment, e.g., catalytic hydrogenation columns or fuel cells, follows the same strategy: the reaction kinetics, the nature and the structure of the catalyst are firstly determined in analytical conditions according to well-defined analytical methods. In parallel, the hydrodynamics is characterized in so-called ''cold prototype" by specific experiments performed in the absence of reaction. All these pieces of information are then used to design a numerical model that allows first prototype to be made. The deviations between the numerical predictions and the experimental data produced by the prototype are analysed in order to identify and quantify non-anticipated behaviours and non-anticipated interactions. Some gaps in fundamental knowledge may thus be pointed out, which must be overcome. It can consequently be decided to go back to some analytical investigations with specific experimental set-ups or to make another prototype to refine the model. When numerical predictions and experimental data are satisfactorily consistent, the size of the prototype can be increased. Finally, when the numerical model is assessed to be sound and accurate enough it is used to design the final industrial equipment.
The large number of studies that have demonstrated the difficulty of scaling up microbial electrochemical reactors show that it is now time to consider such reactors as complex technological devices. Some microbial electrochemical reactors, e.g., MFCs, are easy to build and it is pretty simple to get the first interesting results. This apparent simplicity, which is an asset in some respects, should not mask the real complexity of microbial electrochemical reactors and the need to use a rigorous engineering approach if the objective is to scale them up.
The purpose of the present study is to contribute to the strategy for scaling up electro-microbial processes starting from the very first step. The study focuses on the microbial anode, just looking at how its performance drops when the electrode size is increased from 9 to 50 cm 2 . The study was performed under well-controlled electrochemical conditions, i.e., using a three-electrode analytical set-up, to extract the microbial anode from the interactions occurring in complete microbial electrochemical reactors, such as MFCs or MECs. In a three-electrode set-up, the potential of the anode is controlled accurately with respect to a reference electrode so that the evolution of the cathode kinetics or of some other steps of the system does not impact the value of the anode potential. For the same reason, the temperature was controlled so that the bioanodes were characterized in conditions that were as reproducible as possible. Experimental and numerical approaches were combined to unravel the causes of the performance degradation. Finally, practical suggestions were drawn for the design of analytical set-ups and on how progress could be made in scaling up microbial anodes.
Materials and methods

Microbial anode formation
Microbial anodes were formed under constant polarization in 3-electrode set-ups. Flat carbon cloth (PaxiTech, Grenoble, France) connected to a platinum wire was used as the anode support (working electrode). The platinum wire was woven into the carbon cloth to form three stitches and the part outside the carbon structure was protected by an insulating heat shrink sleeve. Two electrode sizes were compared, with 9 cm 2 (3 cm Â 3 cm) and 50 cm 2 (5 cm Â 10 cm) projected surface area. Unless otherwise stated, current densities were calculated by using the total surface areas, which included both sides of the electrode and the edge area due to the electrode thickness of 1 mm [35] . The total surface areas used for all calculations were consequently 19.2 and 103 cm 2 for the 9-and 50-cm 2 anodes, respectively. A platinum grid was used as the auxiliary electrode and a saturated calomel reference electrode as the reference (SCE, potential + 0.24 V/SHE). Microbial anodes were formed under constant polarization at À0.2 V/SCE using a VSP potentiostat (Bio-Logic SA, Claix, France) and current was recorded as a function of time. Reactors had a volume of 1.8 L and were kept in a heat chamber at 40°C. The microbial anodes were firstly formed in garden compost leachate prepared by filtering a mix of 1.5 L of garden compost and 2.25 L of water containing 60 mM KCl through a loose-weave cloth [36] . This leachate served as both the culture medium and the inoculum for the first phase of microbial anode formation. Once the anodes were supplying constant current, the compost leachate was replaced by a synthetic medium. The synthetic medium contained bicarbonate buffer 50 mM, 10 mL.
KCl and 2.4 g.L À1 NaH 2 PO 4 . pH was adjusted to 7.0. Sodium acetate was used as the substrate in both media. Its initial concentration of 20 mM was maintained by supplementation according to the need revealed by periodic measurements (enzymatic kit K-ACETAK, Megazyme, Ireland).
Cyclic voltammetry (CV) curves were recorded from À0.2 V/SCE to +0.2 V/SCE and then back to À0.5 V/SCE at 1 mV.s
À1
. Three successive cycles were achieved between the upper and lower potential limits. The first cycle was generally slightly different from the two others, which were perfectly matched. Only the second cycle is presented here. Faradaic yields (/ e ) were calculated as the amount of electrons collected by the electrochemical reaction with respect to the amount provided to the reactor by the successive additions of acetate:
where DC (mol.L À1 ) is the concentration of acetate consumed between two additions, V = 1.8 L is the reactor volume, F = 96,485 C.mol À1 is the Faraday constant, the denominator is the integral of current between the two acetate additions, and n = 8 is the number of electrons produced by each acetate molecule:
The electrolyte resistances between the microbial anode (working electrode) and the reference electrode and between the auxiliary and reference electrodes were measured by electrochemical impedance spectroscopy (EIS). EIS was performed in potentiostatic mode by applying several potentials at the anode (0.8, 1 and 1.3 V) and the auxiliary electrode (À0.34, À0.78, À1.1 V), which spanned the range of operational potential values. Frequency ranged from 100 kHz to 10 mHz with a sinusoidal perturbation amplitude of 10 mV. EIS was not implemented to characterize the electron transfer mechanisms at the biofilm/electrode interfaces but only as a fast, accurate method to determine the ohmic resistances in the experimental set-ups. The ionic resistances measured were 3.4 X and 2 X for the 9-cm 2 and 50-cm 2 anodes, respectively, and 2.5 X for the auxiliary electrode.
Microbial anode analysis
At the end of the experiment, the microbial anodes were examined by scanning electron microscopy (SEM, Leo 435 VP-Carl Zeiss SMT SEM) and epifluorescence microscopy. For SEM, samples were fixed in phosphate buffer (400 mM, pH = 7.4) with 4% glutaraldehyde, and rinsed in phosphate buffer containing saccharose (400 mM). They were dehydrated by immersion in solutions with increasing concentrations of acetate (50%, 70%, 100%), then in acetone and hexamethyldisilazane (HMDS) (50:50) , and finally in 100% hexamethyldisilazane. The last batch of HMDS was dried until complete evaporation.
For epifluorescence microscopy, samples were stained with acridine orange 0.01% (Becton, Dickinson and Company, Ireland) for 10 min, then washed and dried at ambient temperature. The samples were imaged with a Carl Zeiss Axiomalger M2 microscope equipped for epifluorescence with an HBO 50 W ac mercury light source and the Zeiss 09 filter (excitor HP450-490, reflector FT 10, Barrier filter LP520). Images were acquired with a monochrome digital camera (evolution VF) every 0.5 lm along the Z-axis and the set of images was processed with the Axiovision Ò software. Biofilm volume coverage ratios were assessed from images obtained by epifluorescence microscopy, as described elsewhere [37] . For each electrode surface zone to be characterized, three spots were selected at random. For each spot, the microbial volume ratio was measured on the basis of a stack of n images taken from the upper surface along the z-axis of the bioanode with a constant distance (d = 3.9 lm) between focal planes. The number of images (n) varied from 30 to 50 depending on the biofilm thickness. For each image, the local biofilm volume was assessed by multiplying the proportion of surface area covered by the biofilm (h i ) by the thickness d and by the image surface area (A image ). The total biofilm volume was the sum of all the local biofilms, and the biofilm volume ratio was obtained by dividing the total biofilm volume by the total volume of the n layers:
3. Numerical modelling
Electrostatic potential distribution
Numerical modelling was based on the calculation of the secondary potential distribution in the electrolyte by solving the Laplace equation. The theoretical basis has already been detailed elsewhere [38] . The model was provided with the geometry of the experimental set-up, the ionic conductivity of the electrolyte (1.3 S.m
À1
) and the anode and auxiliary electrode kinetics. The experimental kinetics of the microbial anode and the auxiliary electrode were characterized by low scan rate voltammetry (1 mV.s
) and fed into the model as boundary conditions. The experimental voltammetry curves were firstly corrected for the ohmic drop measured by EIS (3.4 X for the 9-cm 2 anode and 2.5 X for the auxiliary electrode) and then fitted numerically as described elsewhere [35] . It is important to note that numerical fitting was used only to transform the experimental kinetics data into equations that could be used as input to the model, but no parameter was numerically adjusted during the modelling phase.
The microbial anode CVs were fitted with a Nernst-Michaelis equation:
where j (A.m À2 ) is the current density, j max is the maximum current density, F = 96,485 C.mol À1 is the Faraday constant, R = 8.314 J.-mol À1 .K À1 is the universal gas constant, T = 313 K is the temperature, E is the Nernst potential, E K is the potential when j is equal to half j max .
The kinetics of the platinum grid (auxiliary electrode) was determined by CV at 1 mV.s À1 in the medium obtained at the end of the microbial anode formation. The auxiliary electrode, which worked at potential values lower than À0.6 V/SCE, was assumed to achieve water reduction into hydrogen:
The CV curve was fitted with a Tafel equation:
where j 0 (A.m
À2
) is the exchange current density, a is the transfer coefficient, E OCP is the open circuit potential, and n = 4 is the number of electrons consumed per mole of water reduced. The equations were solved with the Comsol Multiphysics software equipped with the ''Electrochemistry" module (version 5). The model was run by scanning different values of cell voltage (U cell ), defined as the potential difference between the anode and the auxiliary electrode [38] . The model gave the distribution of the electrostatic potential / in the electrolyte and the local values of current on the electrode surface. The total current was calculated by integrating the local current over the whole electrode surface area, which means the two sides and the 1-mm edge.
Nernst potential: local variation and value measured
The Nernst potential of the anode is defined as:
It is generally assumed that the electrode is conductive enough for the electrostatic potential of the electrode material (/ MA ) to be considered constant. In contrast, the electrostatic potential of the solution in contact to the electrode (/ SA ) varies over the electrode surface, so the Nernst potential (E A ) also varies over the electrode surface.
Experimentally, the value measured for the anode potential (E A measured ) is the difference between the electrostatic potential of the anode material (/ MA ) and the electrostatic potential of the reference electrode material (/ MR ):
This equation can be written as:
where / SR is the electrostatic potential of the solution in contact with the tip of the reference electrode. This equation means that the measured anode potential is tainted by the ohmic drop between the anode and the reference electrode (/ SA À / SR ) and that it must be corrected for the potential of the reference electrode
Here, the potential of the reference electrode was equal to zero (E REF = 0) because the model was fed with potential values expressed with respect to the saturated calomel electrode, the same reference as was used for the experiments (if the potentials were expressed with respect to the SHE in the model, the value E REF = 0.243 V should be used here to compare the numerical values with the experimental data). Consequently, Eq. (9) becomes:
The value of the anode potential measured experimentally is the difference between the electrostatic potential of the anode material and the electrostatic potential of the solution in contact with the tip of the reference electrode.
For each value of U cell , the model gave the value of the current and the values of / MA and / SR . The current was thus reported as a function of the measured anode potential (E A measured ). In this way, the calculated current-potential curves could be directly compared with the voltammetry curves recorded experimentally.
Results and discussion
4.1. Microbial anode formation: 9-cm 2 vs 50-cm 2 anodes
Two electrode sizes were compared, with projected surface areas of 9 and 50 cm 2 . Microbial anodes were formed under constant polarization at À0.20 V/SCE in compost leachate with a constant acetate concentration of 20 mM. Two independent experimental runs were performed, each with 2 anodes of 9 cm 2 and 2 anodes of 50 cm 2 . After around 20 days, current densities reached 5-10 A.m À2 and the compost leachate was replaced by a synthetic medium. Current density values were always expressed with respect to the total surface areas, i.e., 19.2 and 103 cm 2 for the 9-cm 2 and 50-cm 2 anodes, respectively. In the second phase of microbial anode development, the performance increased in all reactors, reaching 7-17 A.m À2 after around 10 days. Such an increase in performance is commonly observed with this procedure (data not shown). It may be due to a resupply in vitamins and nutrients favouring microbial activity and/or to the simplification of the medium content. Actually, the compost leachate used during the first phase is an excellent medium to initiate the formation of microbial anodes [39, 40, 41] but it is a rich medium, which probably contains dissolved electron acceptors such as nitrates, sulfates and humic acids that compete with the anode [36] . Many side-reactions can occur and induce the development of non-electroactive bacteria and acetogenic methanogen Archae [42] . This is the cause of the experimental deviations observed on the maximum current densities, as already reported when using rich natural media to form microbial anodes [36, 43, 44] .
Acetate was more quickly consumed with the 50-cm 2 anodes than with the 9-cm 2 ones. Based on 12 different measurements made before acetate was added to restore its concentration to 20 mM, Faradaic yields were 32.7 ± 5.1% and 83.0 ± 11.5% on average with the 9-cm 2 and the 50-cm 2 anodes, respectively. Acetate was consumed either by electroactive bacteria that released the electrons to the anode or by non-electroactive bacteria that used other electron acceptors than the anode. The amount of electrons released to the electrode (Q elec ) is proportional to the anode surface area, while the amount of electrons released to soluble acceptors (Q V ) is proportional to the reactor volume. Faradaic yields are equal to:
For the 9-cm 2 anodes, the value / e = 0.327 led to Q elec-9cm2 = 0.49 Q V-9cm2 . When switching from the 9-cm 2 to the 50-cm 2 anodes, it can be assumed that the Q V parameter was not affected because the reactor volume did not change, and that Q elec was multiplied by the ratio of surface areas, from 19.2 to 103 cm 2 . This simple approach led to Q elec-50cm2 = 103/19.2 Â 0.49 Q V , so the Faradic yield (Eq. (12)) would be 72%.
Firstly, this value was of the same order of magnitude as the experimental value of 83%, which means that the considerable increase in Faradaic yield obtained with the 50-cm 2 anodes was mostly explained mathematically by the increase of the anode surface area. The difference between the calculated Faradaic yield and the experimental value was probably due to the faster consumption of acetate in the reactors equipped with the 50-cm 2 anodes, which resulted in lower acetate concentration being reached between two additions and consequently reduced the Q V part. In conclusion, the large difference observed in the Faradaic yields according to the anode surface area seemed considerable at first glance, but an elementary mathematical approach evidenced its relevance.
CV curves were recorded at the end of anode development. The CV curves always exhibited a general sigmoid shape, which differed depending on the anode size (Fig. 1 , triplicates presented in Fig. 1 of Supplementary Data). The j-E slope was markedly lower for the 50-cm 2 than for the 9-cm 2 anodes. This meant that, to reach a given current density value, a higher overpotential was needed with the 50-cm 2 than with the 9-cm 2 anodes. It can be concluded that the 50-cm 2 microbial anodes were less efficient than the 9-cm 2 anodes. As a first rough observation, it may be noted that scaling up microbial anodes, even in well-controlled electrochemical conditions, led to lower performance.
All the CV curves recorded with the 50-cm 2 anodes showed a small superimposed oxidation peak in the potential range between À0.15 and 0.0 V/SCE, but this peak appeared on only one of the CVs recorded with the 9-cm 2 anodes (Fig. 1 , triplicates presented in Fig. 1 of Supplementary Data). A similar peak shape has already been observed in previous studies [41, 45] . It cannot be attributed to a transient effect, which would be revealed at high potential scan rate, because its shape does not correspond to theoretical transient curves [46] . This superimposed peak was probably due to a redox system that was not (or not efficiently) involved in the electrocatalytic process. If this redox system had been involved in the catalytic process, the current would not have decreased when the potential increased. The current decrease at increasing potential indicated a non-turnover behaviour. This system was detected in the 50-cm 2 microbial anodes but generally not in the 9-cm 2 microbial anodes (only in one of the four anodes). The CV curves were corrected for the ohmic drop by removing the term R S .i (where R S (X) is the resistance between the anode and the reference electrode that was measured by EIS and i (A) is the current) from each value of potential. The corrected CVs were then derived in order to identify the different redox systems involved in the electrocatalysis [47] . At the highest potential values, the CVs of the 50-cm 2 anodes were strongly disturbed by the presence of the superimposed peak (Fig. 2 ) and the first derivative revealed that a redox system could also be present in a similar potential range on the 9-cm 2 anodes, but with considerably lower intensity.
The first derivative of the 9-cm 2 -anode CVs revealed a main peak centred at À0.36 ± 0.06 V/SCE. Two other peaks were identified as shoulders close to the main peak on either side. The 50-cm 2 anodes exhibited two well-defined peaks centred at À0.34 ± 0.04 V/SCE and À0.15 ± 0.04 V/SCE. A third peak appeared as a shoulder at lower potential. For both electrode sizes, the first derivative of the CV curves identified three redox systems involved in the catalytic pathways, but with slightly different locations in terms of potential. Actually, attempts to accurately interpret the first derivative obtained with the 50-cm 2 anodes should be avoided, because the global correction of the ohmic drop on large electrodes may warp the curve and taint the potential values. To sum up, three similar catalytic redox systems were detected whatever the electrode size, but with different peak heights. Assuming that the peak heights of the first derivatives depended on the concentrations of the different redox systems, it can be speculated that the three redox systems were present at different concentration ratios depending on the electrode size.
Numerical model 4.2.1. Validation of the numerical model with the 9-cm
2 anode After correction of the ohmic drop, the experimental CV curves recorded with the 9-cm 2 microbial anodes were fitted with the Nernst-Michaelis equation (Eq. (4)). Although the fine analysis of the experimental curves revealed three redox systems, it was possible to fit them numerically with a single redox system equation. This approach was sufficient to obtain accurate anode kinetics. Here, the objective was not to establish a theoretical explanation of the kinetics curves but to provide the model with accurate anode kinetics. Considering a single system simplified the numerical fitting process as it was sufficient to introduce two parameter values into Eq. (4): the maximum current density (j max ) and the half-wave potential (E K ). The experimental values j max = 10.2 A.m À2 and E K = À0.353 V/SCE, allowed the experimental CV curve to be fitted perfectly.
The platinum auxiliary electrode was fitted with a Tafel law (Eq.
(6)). The parameters j 0 and a were numerically adjusted by a leastsquares procedure. The values j 0 = 0.135 A.m À2 and a = 0.82 led to perfect fitting of the experimental CV curves. The model was also provided with the ionic conductivity of the electrolyte, which was measured experimentally (1.3 S.m À1 ), and the geometry of the experimental set-up. The 9-cm 2 anode was in front of a larger auxiliary electrode (3.5 cm Â 6.5 cm) placed in front of the anode at a distance of 7 cm. The reference electrode was centred on the anode and at a distance of 2 cm from its surface. The integration space was a cube of side 25 cm. It was verified that the volume of the integration space was large enough not to affect the results, for instance the model run in a cubic integration space of 50 cm sides gave exactly the same results.
The current was calculated for different values of the cell voltage and the CV curves were drawn by plotting the current density (relating to total surface area) as a function of E A measured (Eq. (11)). The numerical CV curve (solid line) matched the experimental data perfectly (dotted line) (Fig. 3A) , which confirmed the validity of the numerical approach. It should be recalled here that no parameter was numerically adjusted to calculate the CV curves from the experimental kinetics of each electrode.
From 9 cm
2 to 50 cm 2
The set-up with the 50-cm 2 anode was modelled with an auxiliary electrode of dimensions 6 cm Â 22 cm, to keep a configuration and surface area ratio similar to that with the 9-cm 2 anode. The distance between anode and auxiliary electrode and the position of the reference electrode were not changed. Consequently, except for the electrode sizes, nothing was changed with respect to the previous run. This meant that the kinetics determined experimentally with a 9-cm 2 anode was used to model the 50-cm 2 configuration. This is a first step of numerical scale-up. The model provided a CV with a current-potential slope lower than that of the 9-cm 2 anode (solid line, Fig. 3B ). The model confirmed the experimental trend: increasing the electrode size led to decreasing performance. Nevertheless, the modelled CV overestimated the experimental curve.
The performance decrease induced by increasing the electrode size can be understood by looking at the current provided by the anodes at the same potential E measured , for instance À0.25 V/SCE Fig. 2 . First derivatives of the CV presented in Fig. 1 , after correction of ohmic drop. (Fig. 4A) . Both sides of the 9-cm 2 anode provided similar current density (8.6 and 8.5 A.m À2 ), whereas the two sides of the 50-cm 2 anode provided smaller current densities (Fig. 4B ) and the back worked less efficiently than the side in front of the auxiliary electrode (7.25 against 8.0 A.m À2 ). The distribution of the electrostatic potential of the solution in contact with the anode surface (/ SA ) was different in the two cases. For comparison, the values were extracted from the model at the middle and at 1 mm from the extremity of the front and the back sides of the anode. The front side was defined as the anode side that faced the auxiliary electrode (Fig. 4A) . For each local electrostatic potential, the corresponding Nernst potential was calculated according to Eq. (7) ( Table 1 ). The front side and the back side of the 9-cm 2 anode worked with an identical range of Nernst potentials from À0.303 to À0.320 V/SCE. The electrode worked at local potential values significantly different from the measured value E measured = À0.25 V/SCE, because of the ohmic drop, but the potential over the electrode surface was fairly uniform, with a maximum difference of only 17 mV, and both sides produced similar current densities, of 8.63 and 8.5 A.m À2 (Fig. 4A) . The situation of the 50-cm 2 anode was different. It showed a significantly broader distribution of potentials, of 58 mV (from À0.287 to À0.345 V/SCE), and produced lower current densities. Each side worked at a slightly different potential, which resulted in different current densities, of 8.0 and 7.25 A.m
À2
. Because of a broader distribution of local potential, the 50-cm 2 anode produced lower current density than the 9-cm 2 anode. The current lines could easily reach the entire back surface of the 9-cm 2 anode, so only a small potential distribution occurred and the back side produced current similar to that of the front side. In contrast, the current lines struggled to reach the back surface of the 50-cm 2 anode, which was consequently less efficient than the front.
In summary, although the applied potential was equal in the two cases (E measured = À0.25 V/SCE), the anodes worked in different local potential conditions depending on their size. Both sides of the 9-cm 2 anode provided similar current density, while the two sides of the 50-cm 2 anode provided lower and different current densities. The 50-cm 2 anode worked in less favourable electrochemical conditions than the 9-cm 2 electrode. This effect was stronger here than an ''abiotic electrochemist" would intuitively anticipate, because of the low ionic conductivity of the media used in electro-microbial systems in comparison to that of the electrolytes implemented in conventional electrochemical processes.
The model illustrates the drastic effect of the ionic conductivity. For instance, with an ionic conductivity of 0.2 S.m
À1
, as encountered when wastewaters are used as the electrolyte [16, 48] , the 50-cm 2 anode would display a drastic performance loss (dashed line, Fig. 3B ). In this case, always for E measured = À0.25 V/SCE, the Nernst potential at the middle of the back side fell to À0.404 V/SCE. With ionic conductivity of 0.2 S.m À1 , the 50-cm 2 anodes would thus work far from the potential value applied by the experimentalist. Nevertheless, the potential distribution over the anode surface would be of 49 mV (Table 1) , i.e., slightly less large than with the conductivity of 1.3 S.m
, and both anode sides would produce fairly similar current densities (2.46 for the front side and 2.03 A.m À2 for the back). Actually, ohmic drop considerably impacted the anode operating conditions by holding the local potentials away from the applied value. In counterpart, it flattened the potential distribution.
The model predicted the general evolution trend of the CV curve when the anode was scaled up from 9 to 50 cm 2 but the performance loss predicted by the model (Fig. 3) was smaller than that observed on the experimental curves (Fig. 1) . The difference in local potentials due to the low conductivity of the medium explained the performance loss linked to scaling up to some extent, but not fully. Actually, the position of the anode was not strictly controlled in the experimental set-ups and the anode was not strictly parallel to the auxiliary electrode. The angle may have been up to around 30°with respect to the vertical axis in some reactors. The model was run by tilting the 50-cm 2 anode by 30°with respect to the vertical axis. Tilting the anode exacerbated the performance loss (Fig. 5) . The potential distribution range over the anode surface was reduced to 46 mV (vs. 58 mV when the anode was vertical) but potentials were globally farther from the applied potential E measured than with the vertical anode ( Table 1) . As a result, the anode performance decreased significantly. The model showed that keeping the anode and the auxiliary electrode strictly parallel became essential when implementing large electro-microbial devices. Small laboratory prototypes can tolerate some small geometric deviations without significant impact being detected on electrode performance, but geometric deviation is no longer acceptable in large reactors.
In summary, the model showed that the differences in local potential were responsible for a part of the performance loss when microbial anodes were scaled up from 9 to 50 cm 2 . The non-parallel positioning of the anode relatively to the auxiliary electrode worsened the performance loss and the modelled curve was thus closer to the experimental one. Nevertheless, the model still predicted more efficient CV curves than were recorded experimentally.
Biofilm development
The 9-cm 2 and 50-cm 2 microbial anodes were observed by SEM and epifluorescence microscopy at the end of the experiments. Two different areas were imaged: close to the middle and close to the extremity of the electrode surface (Fig. 6 ) and, for each area, three neighbouring spots selected at random were imaged on two different anodes. The average values and standard deviations given below are thus the result from 6 measurements. For each spot, a stack of 30-50 images was obtained along the z-axis in order to assess the biofilm volume ratio. Epifluorescence imaging was performed by using acridine orange so that both intracellular and extracellular nucleic acids were stained and epifluorescence gave a fair representation of the global biofilm.
The 9-cm 2 anodes presented dense, uniform colonization of the surface whatever the location of the spots. The microbial volume ratios were of the same order of magnitude close to and far from the middle of the electrode: 49.1 ± 7.1% and 45 ± 4%, respectively. In contrast, SEM imaging of the 50-cm 2 anodes showed a nonuniform biofilm, which was thick close to middle of the electrode and thinner farther away. The volume coverage ratios extracted from epifluorescence imaging confirmed the SEM observation, with a microbial volume ratio of 60.3 ± 11.2% close to the middle and 51.7 ± 5.6% far away. Actually, the difference of visual impression given by SEM imaging seemed even more marked than the difference expressed by the quantitative assessment of the biofilm volume ratios. The biofilm was denser on the zones were the model showed less negative local potentials. A comparison of the theoretical potential distribution over the anode surface and the observed biofilm development suggests that the potential gradient along the electrode may impact biofilm development.
Discussion
It is well known that the best electroanalytical set-up to characterize electrochemical kinetics consists of an electrode of small surface area and with only one side working in front of an auxiliary electrode of larger surface area. This configuration can be easily achieved with a plane electrode by insulating one side and the edges, as is done for rotating disk electrodes for example. It is more difficult, or even impossible, to achieve such a one-sided configuration with porous electrodes (felt, foam, etc.) and electrodes such as carbon cloth, which are used for the development of the most efficient electroactive biofilms. In this case, the best electroanalytical strategy is to use a small electrode and to consider the two sides, without forgetting the edge, as the working surface area. It has already been demonstrated experimentally that, in such a configuration, both sides of the anode work in similar conditions [49] . This was confirmed here by the numerical modelling of the 9-cm 2 anode.
It should be kept in mind that the potential applied (Eq. (11)) was measured as the difference between the electrostatic potential of the anode material (/ MA ) and the electrostatic potential of the solution in contact with the tip of the reference electrode (/ SR ). In a relevant electro-analytical system, two conditions must be validated:
-the electrostatic potential of the solution in contact with the tip of the reference electrode must not be significantly different from that of the solution in contact with the anode (/ SA ), i.e., the ohmic drop between the anode and the reference electrode must be negligible (Eqs. (9) and (10)), -the electrostatic potential of the solution must not vary significantly over the electrode surface.
If these two conditions hold, the electrode can be considered as a uniform surface working at the applied potential. This is the situation that should be ensured in an appropriate electroanalytical set-up. Relevant characterization of the electrode kinetics can thus be performed by expressing the current density relative to the total surface area (both sides and edge) [35] .
In the case of electro-microbial technologies, which commonly use electrolytes with low ionic conductivity, the ohmic drop often taints experimental measurements. The ohmic drop can be corrected as a whole, as was done here for the CV curves recorded with the 9-cm 2 anodes. The simplest way to do this is to measure the global ionic resistance, R S , experimentally and to correct each potential value of the current-potential curve using the R S .i term. In terms of electrostatic potential, this operation removes the (/ SA À / SR ) term from Eq. (9) . In this way, the electrode is hypothesized to be a surface working at the same potential everywhere. This assumption was reasonable here for the 9-cm 2 anode operating in the 1.3 S.m À1 electrolyte but modelling showed that such an assumption could no longer be made for the 50-cm 2 anode, because of the significant distribution of local Nernst potentials (Fig. 4) . The 50-cm 2 anode operating in the 1.3 S.m À1 electrolyte could not be considered as a uniform electrode.
The scaling-up step investigated in this study was based on a modest scaling ratio, from 9 to 50 cm 2 , and was carried out in well controlled electrochemical conditions. Despite these favourable circumstances, the experiments showed a marked loss of performance from 9 to 50 cm 2 . Such clear performance deterioration with such a modest scaling-up ratio and well-controlled electrochemical conditions provides a basis to approach the drastically low performance reported so far when larger microbial electrochemical reactors have been used under more complex conditions.
The model showed that the decrease of the anode performance, when passing from 9 to 50 cm 2 surface area, was explained by the difference in the local Nernst potential to some extent. At large size, the anode worked at potentials significantly far from the applied value and presented a broad distribution of local potential. The performance deterioration was exacerbated by non-parallel positioning of the anode with respect to the auxiliary electrode. Nevertheless, even with a tilting angle of 30°, which was the maximum that might be encountered in the present experiments, performance predicted by the model for the 50-cm 2 anodes remained higher than the experimental data.
The remaining difference between the numerical and experimental CV curves can be explained by differences in the characteristics of the electroactive biofilms. The 9-cm 2 anodes presented uniform microbial colonization, while the 50 cm 2 anodes presented differences in local biofilm volumes, which matched the difference in local potential predicted by the model. The potential distribution over the anode surface corresponded to some difference in biofilm development. Furthermore, the biofilms exhibited three similar redox systems whatever the electrode size, but with different concentration ratios depending on the anode size.
It can be speculated that biofilm growth is sensitive to the local anode potential and this may be the source of a vicious circle: the potential gradient along the electrode surface impacts the biofilm development, which in turn affects the local potential by establishing patches with different catalytic capabilities. Several informative studies have reported on the relationship between anode potential and electroactive biofilm development [36, 44, 50, 51] but basic knowledge on this issue remains sporadic and no obvious way has yet been found to correlate the biofilm growth and the development of its electrocatalytic properties with the electrode potential. In the current state of the art, the soundest design of large-sized microbial anodes would follow the main guideline of reducing the ohmic drop while keeping the most uniform possible potential over the anode surface. These two objectives must be pursued concomitantly. For instance, the model run with low ionic conductivity (0.2 S.m À1 ) showed that increasing the ohmic drop between the anode and the auxiliary electrode reduced the potential distribution over the electrode surface -but it also showed that the anode performance was severely decreased. Uniformity of the local potential must not be achieved at the price of higher ohmic drop but by appropriate design of the anode-cathode architecture. Modelling the potential distribution inside the reactor will constitute an essential tool for this purpose.
Conclusions
Although scaling-up was performed in well-controlled electrochemical conditions and with a modest scale-up ratio, from 9 to 50 cm 2 surface area, marked deterioration in the performance of microbial anodes was observed. The numerical model showed that the performance loss was, to some extent, explained by differences in the local Nernst potential, which depended on the electrode size. The difference in biofilm development was the other contribution to the performance loss. The biofilm development seemed to be sensitive to the local potential. The biofilm formed on a large anode suffering from broad local potential distribution may develop electrocatalytic properties different from those in a small electroanalytical set-up. In the absence of certain correlation between potential and electroactive biofilm development, minimizing the ohmic drop while ensuring uniform potential over large-sized electrodes should be considered as the main rule for scale-up.
